Prenatal X-irradiation/Hippocampus/Memory/Heterotopic gray matter.
INTRODUCTION
The immature brain in the central nervous system is sensitive to ionizing radiation, and develops, at a later adult stage, disorders including mental retardation, attention deficit-hyperactivity disorder and cognitive dysfunction. 1, 2) Prenatal radiation-induced damages has been reported for humans who received atomic bomb exposure in Japan. 3) Those prenatally exposed to atomic bombing in Japan or to X-rays during medical procedures develop microcephaly with heterotopic gray matter and mental retardation. 4) A high incident of microcephaly with heterotopic gray matter has been reported for atomic bomb survivors who were prenatally exposed at 8 to 9 weeks of gestation. The animal models of these congenital malformations after intrauterine exposure has been reported, and highly radiosensitive stage in humans correspond to embryonic day 15 (E15) in rats and E13 in mice. 5, 6) The radiation damage in animal brains depends upon the exposed dose and the stage in pregnancy, and the brain weights show a dose-dependent decrease.
Irradiated at the formation stage of the brain, adult animals show behavioral disorder, such as an increase of locomotor activity and impairments in learning spatial tasks. [7] [8] [9] These deficits depend on the time of irradiation and the type of behavioral task. 10) Many investigators have focused on morphology, such as brain weight and behavioral changes associated with prenatal irradiation. However, no studies have explored the possibility that cognitive impairment be correlated with a histopathological change of the hippocampus after prenatal exposure to X-rays, even though the hippocampus is critical for spatial navigation and cognition functions in animals and humans. 11, 12) In the present study, we investigated (1) the disorder of the cognition function by the water maze method and (2) the structure change of the hippocampus by histology in adult rats. A good relation between the cognition function and heterotopic gray matter was found in adult rats that received a low dose of X-irradiation at the prenatal stage.
MATERIALS AND METHODS

Animals and X-ray irradiation
Male and female Wistar rats (Slc; Hamamatsu, Japan) were housed under a 12-h dark-light cycle and had continuous access to food and water. Eight-week old nulliparous females were paired with potent males in cages overnight and checked the next morning for vaginal plugs. The day when a vaginal plug appeared was defined as day 0 of pregnancy (E0). Pregnant females were exposed to a single whole-body X-ray irradiation at a dose of 1.5 Gy on E15. The irradiation conditions used were 200 kVp, 15 mA, 0.5 mm Cu + 0.5 mm Al filter, 90 cm distance, and 0.45 Gy/ minute dose rate. The radiation dose of 1.5 Gy was selected because it has been shown this dose is suitable to induce cerebral malformation with higher incidence, but with less adverse effect on pregnancy and growth after birth. Shamirradiated rats were used as a control. The pregnant females were caged individually and allowed to deliver. The offsprings were separated from mother at 5 weeks after birth and caged individually under same conditions as their mother. At 8 weeks of old, male offsprings from litters were randomly selected and used for the experiments. All animal experiments were carried out with permission and under the regulation of the Institutional Committee for Animal Safety and Welfare of the National Institute of Radiological Sciences, and in accordance with the Regulations on Appropriate Animal Breeding and Treatment, Ministry Office of Japan.
Water maze task
The water-maze pool was 146 cm diameter, 45 cm high, with 32 cm depth of water, which was modified according to that described by Morris. 13) The water-maze pool was located in a large test room, and surrounded by many cues external to the maze (e.g. the experimenter, ceiling lights, rack, etc) which were visible from within the pool and could be used by rat for spatial location. The water maze was filled with room-temperature water. The acquisition of a place task was used to assess the spatial navigation learning of eightweek old rats. Animals were trained to find a clear Plexiglas platform (14 cm diameter) submerged 1.5 cm under the surface of water in a Morris water maze. For the acquisition test, rats were given 4 trials/day with a 30 min interval each for five days. Two start positions were chosen semi-randomly, and the distance between the start position and the platform was set to be equal. In each trial, the latency to escape onto a platform was recorded with a cut-off time within 120 s, it was placed on the platform and forced to remain there for 30 s. The swim path was recorded by a CAT-10 image analyzing system (MUROMACHI CO., LTD, JAPAN) and a video camera, which recorded the latency of individual rat to reach the platform (swimming time), the swimming distance and the swim speed. The swim speed (distance / latency) provided an index of motor function. According to the mean value of the swimming time at the 5th block, rats that had received prenatal irradiation were categorized to either one of the following three groups: (1) slightly damaged group (animals reached the platform within 20 seconds); (2) mildly damaged group (animals reached the platform between 21 seconds and 45 seconds); (3) severely damage group (animals reached the platform between 46 seconds and 120 seconds).
Brain histology
We used three or four rats in each group of the above-stated categories for a histological study. After the learning test was completed, rat were anesthetized with sodium pentobarbital (50 mg/kg), perfused with saline and then perfused with 10% paraformaldehyde. After perfusion, the brains were removed and then weighed. Each brain was fixed in Bouin's solution, dehydrated and embedded in paraffin. Serial coronal sections (5 µ m) were prepared from each brain to cover an entire region where overall alliance of neuronal cells in hippocampus could be observed. Selected sections (one per 4-8 serial sections) were stained with hematoxylin and eosin (H.E.), and examined microscopically the existence and extension of ectopic neuronal cells in hippocampus.
Statistical analysis
The results were expressed as means ± SEM. The significance of the differences between the sham-operated group and the prenatal X-irradiated group was analyzed by an unpaired t -test for each block in the water maze task. Twoway repeated ANOVA was used for each parameter of the acquisition test. A p -value of less than 0.05 was considered to be statically significant.
RESULTS
Water maze task
Eighteen (18) irradiated and 16 sham-operated rats were trained in 20 sessions to escape to an underwater invisibleplatform of a water maze. Acquisition curves of this watermaze task are shown in Fig. 1 . The sham-operated group showed a decrease in latency to find the platform (Latency to platform) with an increase of days of training, and on 5th day of trial reached the platform within 10 seconds (Table. 1). On the other hand, the X-ray exposure group took a substantially longer time to find the platform than the shamoperated group (Fig. 1a) . Both the swimming time (Fig. 1a) and the swimming distance (Fig. 1b) of the X-ray exposure group significantly increased compared to the sham-operated group. Repeated measures of two-way ANOVA revealed a group difference ( F 1,16 = 39.202, p < 0.001), effect of the block ( F 4, 64 = 31.098, p < 0.001) and a group × block interaction ( F 4, 64 = 0.577, p = 0.680) in the swimming time and a group difference ( F 1,10 = 34.388, p < 0.001), effect of block ( F 4, 40 = 7.633, p < 0.001) and a group × block interaction ( F 4, 40 = 3.099, p < 0.05) in the swimming distance (Fig.1b) . On the other hand, no difference was found between the Xray exposure and sham-control groups for speed of swimming (Fig. 1c) . These results suggested that the X-ray exposure group was severely affected in swimming ability and selectively impaired in spatial cognition.
The incidences of the categorized group were 16.8% (3/ 18) for the slightly damaged group, 27.8% (5/18) for the mildly damaged group and 55.6% (10/18) for the severely damaged group (Table. 1 ). The sham-operated group swam straight to reach the platform (Fig. 3a) , while most (8 out of 10) of the severely damaged group spent a proportion of the swimming time across the central area and near to the submerged platform of the pool (Fig. 3b) . The severely damaged group marked impairment of spatial memory and a slower acquisition curve than the sham-operated group during test trials. It was noticeable that 2 out of 10 rats in the severely damage group only circulated around the pool wall side, and never reached the platform (Fig. 3c) . Furthermore, when placed on a visible platform above the water surface, Fig. 1 . Acquisition curves of the water-maze task in prenatal X-irradiation rats. The latency to platform and swimming distance, but not swimming speed, showed significant differences between the sham-operated group and the prenatal X-irradiation groups. (a) Latency to platform (sec): repeated measures of two-way ANOVA revealed a group difference ( p < 0.001), (b) Swimming distance (cm): repeated measures of two-way ANOVA revealed a group difference ( p < 0.001). (c) Swimming speed (cm/sec): Swimming speed showed no difference between the sham-operated group and the irradiated group. Post-hoc analysis revealed that the latency to platform (sec) and swimming distance during the first to fifth blocks was significantly higher in the prenatal X-irradiated group than in the sham-operated group (* p < 0.01 for unpaired t -test). Mean ± SE. the two rats could not escape from this platform.
Brain Histology
All of the adult rats that received prenatal X-irradiation showed a characteristic feature, such as prominent microcephaly and dilation of the cerebral ventricle (Fig. 2) . The weight of the whole brain significantly decreased by about 40% in the X-ray exposure group compared with sham-operated group: 1.01 ± 0.04 g (mean ± SEM) for the X-rays exposure group, and 1.70 ± 0.02 g for the sham-operated group (p < 0.001 for unpaired t -test). No significant difference in the brain weight was found between the three categorized groups (Fig. 2c) .
We subdivided the neuronal cell layer in the hippocampus into four regions: CA1, CA2, CA3, and dentate gyrus in sham-operated group (Fig. 4a) . The CA1 and CA2 layers were obviously deranged in the severely damaged group, and the layer structure was deranged by the CA1 and CA2 ectopia at the bilateral hippocampus (arrows in Fig. 4c ). The incidence of ectopia cells was 100% (4/4) in the dorsal hippocampus of bilateral. The ectopic cells in hippocampus consisted of displaced pyramidal neurons, and were confined to CA1 of Ammon's horn. The ectopia was less prominent in the mildly damaged group, such that one of four rats developed only CA1 ectopia in a hemisphere (arrow in Fig.  4b ). The incidence of ectopic cells was 25% (1/4) in the dorsal hippocampus of the hemisphere. No ectopia in the hippocampus was observed in the sham-operated group and in the slightly damage group by prenatal X-irradiation. 
DISCUSSION
In the present study, rats imposed with prenatal X-rays at E15 showed a definitive learning impairment in a water maze, while the motor nervous system was normal and the visual deficit was subtle. It seemed that the learning impairment correlated to the incidence of ectopic neurons in the dorsal hippocampus. The ectopic neurons were prominently observed in the dorsal hippocampus of the group with a remarkable learning disturbance. Theses findings suggest that prenatal X-irradiation impairs the spatial cognition via an ectopic neurons of the dorsal hippocampus. However, in other prenatal X-irradiation models, mice being irradiated The cell layer in the hippocampus was subdivided into four regions, CA1, CA2, CA3, and dentate gyrus. (b) A mildly damaged rat showing an ectopic cell mass at CA1 (arrow). (c). A severely damaged rat showing deranged laminar structure in the CA1 and CA2 regions. The incidence of ectopic cells was 100% (4/4) in the dorsal hippocampus of bilateral. The sections were stained with hematoxylin and eosin (H.E.) and used for microscope observations. Bar = 1mm during formation of the brain increased locomotor activity, and visual associative memory was disturbed. 10) Prenatal irradiation with 1Gy on days 13 through 18 is known to induce disturbance of visual associative memory; these mice rather show an increased locomotor activity. In the present study, the prenatal X-irradiation group was inferior to the sham-operated group in the acquisition of spatial cognition; this inferiority was never improved by 40 trials (Fig. 1a) . Because the swimming speed was not different between the irradiated and sham-operated groups (Fig. 1c) , our model was successful in separating the learning impairment from the sensorimotor deficit. This could be clearly shown by the fact that in visual function, rats with impaired vision were easily identified by their swim patterns (Fig. 3c) . Our model showed that prenatal X-irradiation caused severe learning deficit (8 animals out of 18 behavioral analyzed rats) without visual dysfunction.
Some reports have been applied this model to prenatal animals which had been subjected to toxic treatments. [14] [15] [16] Sienkiewicz et al . report that the radiation risk of cognitive deficits in mice depends on the days during gestation, and that the cognitive deficits seem to be related to a malformation of the hippocampus. 9, 10) When animals are irradiated during formation of the hippocampus, a behavioral deficit in the learning task appears during the adult stage. Also, histological abnormalities in rat hippocampus are induced by prenatal X-irradiation. Miki et al . report that a laminar structure disappears in the CA1 region, and pyramidal cells in CA1 region are ectopically located in rats exposed to 1.2 Gy Xray on E15.
17) The present histopathological results showed a similar derangement in the CA1 and CA2 regions at a dose of 1.5 Gy X-rays on E15. Sun et al . reported that, according to the position of abnormal neuronal mass in the irradiated brain, the neuronal ectopia induced by prenatal radiation could be classified according to the following three types: periventricular ectopia, hippocampal ectopia and cortical ectopia. 18, 19) Hippocampal ectopia and periventricular ectopia have been previously described based on other animal experiments after prenatal treatment with chemical drugs, such as methylazoxymethanol (MAM). 20,21) Fiore et al . report possible mechanisms of the hippocampal ectopia induced by a prenatal treatment with MAM. 22, 23) Hippocampal malformation is associated with significant changes such as an increase of the brain nerve growth factor (NGF), an increase of the brain-derived neurotrophic factor (BDNF) and a reduction in choline acetyltransferase (ChAT) immunoreactivity in cholinergic neurons. 22) Abnormalities in the expression of glutamate receptor subtypes in cortical and hippocampal heterotopia can contribute to cognitive dysfunction. 24) The hippocampal ectopias after prenatal exposure to X-ray could have resulted from an increase of the neurotophic factor and from the expression of glutamate receptor subtypes.
In the present study, hippocampal ectopias consisted of displaced pyramidal neurons, and were localized in the dorsal part of CA1 and CA2 region in the hippocampus of the severely damaged group (Fig. 5c ). These results indicated that cognitive impairment produced by the nodular ectopias hampered (1) applicable processes in learning development and (2) the transmission of information in the hippocampus. In the hippocampus, the cholineregic system, such as choline acethyltransferase and muscarinic-acethylcholine (mACh) receptor, plays important roles in learning and spatial cognition. 12, 25, 26) We have already reported that mACh receptor binding is selectively decreased about 10% in the hippocampus, but not in the cerebral cortex after prenatal exposure to X-rays. 27) In the present study, ectopic neurons appeared in the severely damaged group that was deficient in learning ability, and were localized to the dorsal hippocampus (Fig. 4c) . These findings suggest that a decrease of the mACh receptor binding correlates to the incident of ectopia cells in the hippocampus.
In experimental animals, prenatal exposure to cytotoxic chemical drugs is known to induce the neuronal ectopia located in the hippocampus. 18) Above all, if the above-stated characteristics of cognitive impairment and ectopic neuronal distribution could be identified in prenatally damaged human brains, the identification would provide important diagnostic clues to elucidate intellectual decline.
